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Abstract: This paper describes how the power electronics software PSIM was used to design 

and simulate a bidirectional full-bridge DC–DC converter to integrate a hybrid storage system 

into a photovoltaic microgrid. The objective is to manage power flow between sources and 

storage devices in order to smooth transients, reduce current stress on the battery, and 

maintain appropriate voltage levels on the DC bus. Due to the limitations in the evaluation 

version of the circuit simulation program, equivalent elements were employed to reproduce 

the quasi-stationary behavior of the photovoltaic array, the battery bank, and the super 

capacitor module. Seven representative operating scenarios were analyzed 

(charging/discharging in both directions, supercapacitor support, and power transfer from/to 

generation), evaluating key voltages and currents. The results demonstrate effective 

bidirectionality and high-frequency power decoupling capability provided by the supercapacitor, 

with positive implications for battery lifetime. In addition, a prototype-level cost estimation is 

included, and limitations and future work focused on dynamic control and experimental 

validation are discussed. 
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Resumen: Se presenta el diseño y la simulación en el software para la electrónica de potencia 

PSIM de un convertidor DC–DC bidireccional tipo puente completo para integrar un sistema 

híbrido de almacenamiento de energía en una microrred fotovoltaica. El objetivo es gestionar 

el flujo de potencia entre las fuentes y los almacenadores para suavizar transitorios, reducir el 

estrés de corriente en la batería y mantener niveles de tensión adecuados en el bus DC. Dadas 

las limitaciones de la versión de evaluación del programa de simulación de circuitos, se 

emplean elementos equivalentes para reproducir el comportamiento cuasi‑estacionario del 

arreglo fotovoltaico, del banco de baterías y del módulo de supercondensadores. Se analizan 

siete escenarios de operación representativos (carga/descarga en ambas direcciones, soporte 

del supercondensador, y transferencia desde/hacia la generación), evaluando tensiones y 

corrientes clave. Los resultados muestran bidireccionalidad efectiva y capacidad de desacoplo 

de potencia de alta frecuencia por parte del supercondensador, con implicaciones positivas 

sobre la vida útil de la batería. Se incluye, además, una estimación de costes a nivel de 

prototipo y se discuten limitaciones y trabajo futuro orientado a control dinámico y validación 

experimental. 

Palabras clave: convertidores eléctricos, equipamiento electrónico, energía eléctrica  

1. Introduction 

The increasing penetration of variable renewable sources into microgrids requires 

storage solutions that enable coupling generation and demand while mitigating 

intermittency and power peaks (Faisal et al., 2018). In this context, Hybrid Energy 

Storage Systems (HESS) combine high specific energy devices (LFP batteries) with 

high specific power devices (supercapacitors), so that each technology operates near 

its optimal zone (Ramos et al., 2022; Wang et al., 2022). Supercapacitors attenuate 

transients and current pulses, while batteries supply average energy, reducing its 

high-amplitude charge/discharge cycles and, consequently, its degradation (Tremblay 

& Dessaint, 2009; Zhang et al., 2017; Zubieta & Bonert, 2000; Eaton, 2023; Winston 

Battery, 2024; Pérez-Aballe et al., 2025). 

To exploit these advantages, it is essential to count on a bidirectional DC-DC 

converter capable of directing the energy flow from the photovoltaic source to the DC 

bus and storage devices, as well as between the storage devices, in both directions 

(charging/discharging) (Mohan et al., 2003; Ardi et al., 2014; Erickson & Maksimović, 

2020; Sutikno et al., 2023). This paper addresses the design and simulation of a 

bidirectional half-bridge converter to interconnect the DC bus with the battery bank 

and the supercapacitor module. 

https://vocabularies.unesco.org/browser/thesaurus/en/page/?clang=es&uri=http%3A%2F%2Fvocabularies.unesco.org%2Fthesaurus%2Fconcept535
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For this study, the circuit simulation program (PSIM) is particularly relevant as it is 

oriented towards power electronics, featuring switched and averaged models, control 

blocks (Pulse Width Modulation PWM, comparators, PI), and dependent sources that 

reproduce the behavior of a bidirectional half-bridge and the battery–supercapacitor 

energy exchange in a rapid and stable way. Additionally, it eases the establishment 

of initial conditions, performance of parametric sweeps, and measurement of key 

variables (iL, Vbus, VSC), which aligns with the quasi-stationary scenario-based 

approach adopted. Additionally, its simulation speed in multi-purpose environments 

makes it ideal for preliminary design and concept validation in DC microgrids with 

HESS (Powersim, 2022). 

Within this framework, the study focuses on representative scenarios, taking into 

account the restrictions of the evaluation version, in order to: (I) verify 

bidirectionality and power flow continuity, (II) observe the supercapacitor´s role into 

transient damping, and (III) establish sizing bases for inductance, capacitance, and 

semiconductors, relying on classical design criteria and gate driver application notes 

(Infineon Technologies, 2017; Erickson & Maksimović, 2020; Powersim, 2022). 

Contributions: (1) Synthesis of requirements and half-bridge topology suitable for 

HESS in PV microgrids (Lin et al., 2013; Ardi et al., 2014; Liu et al., 2016; Tuluhong 

et al., 2025); (2) simulation model in PSIM with practical equivalents allowing 

exploration of seven operating scenarios (Powersim, 2022); (3) comparative analysis 

of voltages and currents evidencing the supercapacitor's rapid discharge/recharge 

and consequent battery stress reduction (Zubieta & Bonert, 2000); (4) prototype 

cost estimation and discussion of limitations and future study, based on converter 

design criteria and  gate drivers practical handling. 

1.1. HESS Topologies 

As shown in Figure 1, battery–supercapacitor HESS are usually classified as passive, 

semi-active, and active according to the degree of electronic conditioning and 

available control (Sutikno et al., 2023). This taxonomy is linked to power distribution, 

battery stress, and overall system efficiency (Mohan et al., 2003). 

Passive ESS (Figure 1a): Batteries and supercapacitors (SC) directly connected to 

the DC bus, without dedicated converters. It is the simplest and most economical 

option, but power distribution depends on internal impedances and state of load, 

which can cause current peaks and mismatch losses, accelerating battery aging and 
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reducing efficiency (Faisal et al., 2018). The SC attenuates transients due to its low 

ESR, though without fine active control (Tshiani & Umenne, 2022). 

Semi-active: one of the storage devices is connected via a bidirectional converter, 

allowing some control over the flow and voltages/currents (Sutikno et al., 2023). 

- Semi-active SC (Figure 1b): the supercapacitor is coupled through the converter, 

and the battery is directly connected to the bus. It improves the SC use for peaks 

and ripple; however, the battery remains exposed to unregulated medium-frequency 

current variations (Bonert, 2000). 

- Semi-active battery (Figure 1c): the battery is the one connected via the converter, 

while the SC is directly connected. This variant protects the battery against peaks 

(by limiting its current and diverting transients to the SC), which positively impacts 

its lifespan (Tremblay & Dessaint, 2009; Ramos et al., 2022). 

Active: both elements are connected via bidirectional converters ("active parallel" 

architecture), enabling independent power and State of Charge (SoC) control in each 

branch, as well as an optimal energy/power distribution (Tuluhong et al., 2025). 

- Parallel topology (Figure 1d): battery and SC with their own converters; the SC 

handles fast transients, the battery covers sustained demands, and the control 

coordinates the distribution (Lin et al., 2013; Lai et al., 2015; Liu et al., 2016; 

Erickson & Maksimović, 2020). 

- Cascaded topology (Figure 1e): the SC is placed between the battery and bus to 

act as a dynamic "filter" that isolates the battery from peaks at the expense of 

additional conversion stages and slight efficiency losses (Wang et al., 2022). 

Each approach involves a compromise between cost, complexity, and performance. 

Passive configurations are suitable for areas, such as remote microgrids, where 

simplicity and robustness are prioritized. Active ones are suitable for precise control, 

and semi-active ones offer a middle ground (Figure 1). 
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Figure 1. HESS management configurations in microgrids (Jing et al., 2017). a) Passive. b) 

Semi-active SC. c) Semi-active Battery. d) Active parallel. e) Active series. 

1.1.1. Key Components and Characteristics 

The HESS sizing relies on three interrelated metrics: energy density (Wh/kg or Wh/L), 

power density (W/kg), and durability/cycles (Pérez-Aballe et al., 2025). Ragone's plot 

shown in Figure 2 summarizes the trade-off: batteries occupy the energy side, 

supercapacitors the power aspect, and other technologies (inertia flywheels, hydro-

pneumatic systems) are distributed according to their physical characteristics and 

cost. 

-Batteries (LFP): high energy density (≈100–250 Wh/kg), round-trip efficiency >90 

%, and good cost per kWh. Limitations under sustained power (high C-rates → 

heating and aging). The Energy Management System (EMS) must limit current, 

manage temperature, and plan DoD/cycles; incorporating degradation models is 

advisable to minimize LCOS. 

-Supercapacitors: very high-power density (kW/kg), µs–ms response, and a million-

cycle lifespan; ideal as a buffer for peaks/transients. Trade-off: low specific energy 

and higher cost per kWh → complementary use, not as primary storage. 

-Flywheels and hydro-pneumatic systems: high power and durability, but involve 

mechanical/cost demands that restrict their application to stationary or larger-scale 

installations. 
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Figure 2. Ragone´s plot for energy storage analysis (Pérez-Aballe et al., 2025).  

1.2. LFP Batteries and Supercapacitors: models and characteristics 

In HESS, batteries and supercapacitors are combined because they offer 

complementary features: batteries provide energy (autonomy) but have a higher 

internal resistance and suffer from sustained peaks; SCs provide power (µs–ms 

pulses) and lighten battery stress, extending its lifespan. The joint performance also 

depends on the topology (passive, semi-active, active), which defines how both 

storage devices are connected and controlled (Pérez-Aballe et al., 2025). 

An extended Thevenin equivalent is used for LFP battery modeling, as shown in Figure 3: 

- Controlled voltage source (VOC) in series with Rs and two RC branches (R₁–C₁, R₂–

C₂) capturing the diffusion dynamics (solid/electrolyte). 

- States: SoC, V₁, V₂. Input: current I. Output: terminal voltage V_T. 

- Dependencies: VOC and parameters (Rs, R₁, C₁, R₂, C₂) vary with SoC, 

temperature, and current direction. 

 

Figure 3. Lithium batteries' electrical model using a controlled voltage source. 
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The double layer supercapacitor (EDLC) modeling is structured by a double layer with 

very low internal resistance (ESR) and possible pseudo-capacitance, so the Q–V 

relationship can be non-linear. In practice, it is modeled with several RC branches to 

cover different time constants. 

- Energy: 𝐸 =
1

2
𝐶𝑉2 

- Series/parallel: series connection increases allowable V but decreases equivalent C; 

parallel connection increases C and allowable current. 

- Modeling challenges: choosing the number of RC branches, considering V-

dependent C or not, and estimating time constants and parameters (identification). 

2. Materials and Methods 

2.1 Bidirectional Half-Bridge DC-DC Converters Modeling  

Bidirectionality is achieved with transistors operating as controlled switches 

(MOSFET/IGBT) and switching patterns enabling buck mode and boost mode between 

the DC bus and the storage device. The bidirectional half-bridge stands out for its 

simplicity and efficiency in HESS. 

- Buck (charging): VL= VbusD-VAlm; current increases/decreases according to duty, 

duty D and voltage differences. 

- Boost (discharging): the inductor is energized from the storage device and transfers 

energy to the bus; ΔiLaVDT/L. 

Figure 4 shows the electrical model of the non-isolated half-bridge converter.  

 

Figure 4. Electrical diagram of the half-bridge converter.  
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2.1.1. Buck Mode 

According to Figure 5a), switch Q1 is conducting and Q2 remains off. 

 

Figure 5. Half-Bridge Converter. Buck Mode. a) Q1-On, Q2-Off. b) Q1-Off, Q2-Off.  

Under these conditions, the equivalent circuit is governed by equation (1). The 

temporal evolution of the inductor current is obtained from it, developing the 

procedure shown in equations (2) to (4), until reaching the final expression of 

equation (5) which results after solving and integrating the previous relations. 

−𝑉1 + 𝑉𝐿 = 0                                                                                                                                                                              [1] 

−𝐿
𝑑𝑖𝐿

𝑑𝑡
+ 𝑉𝐿 = 0                                                                                                                                                                         [2] 

𝑉𝐿 = 𝐿
𝑑𝑖𝐿

𝑑𝑡
                                                                                                                                                                                    [3] 

𝑉𝐿

𝐿
=

𝑑𝑖𝐿

𝑑𝑡
                                                                                                                                                                                       [4] 

Δ𝑖𝐿

Δ𝑡
=

𝑉1Dt

𝐿
                                                                                                                                                                                  [5] 

According to Figure 5(b), Q1 and Q2 are both off. Under these conditions, the 

equivalent circuit is described by equation (6), from which the temporal evolution of 

the inductor's current is determined, following the corresponding analytical 

development. 

−𝑉1 + 𝑉𝐿 + 𝑉2 = 0                                                                                                                                                                      [6] 

Considering the previous equation, the corresponding solving is performed until 

reaching equation (7), which is the desired response. 

Δ𝑖𝐿

Δ𝑡
=

(𝑉1 − 𝑉2)(1 − 𝐷)𝑇

𝐿
                                                                                                                                                         [7] 
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2.1.2. Boost Mode 

Figure 6 shows the model of the half-bridge converter operating in boost mode. In 

Figure 6(a), switch Q1 conducts and Q2 remains cut-off; the equivalent circuit is 

established from the common equation (5). With this relation, an analysis is 

developed through the proposed equations, obtaining the inductor's current temporal 

evolution throughout the simulation interval. 

 

Figure 6. Half-Bridge Converter. Boost Mode. a) Q1-On, Q2-Off. b) Q1-Off, Q2-Off. 

Upon performing this mathematical procedure, the response obtained is shown in 

equation (8), where it is observed that the inductor's current variation over time 

depends on the input voltage, the duty cycle, and the inductance value. 

Δ𝑖𝐿

Δ𝑡
=

𝑉1𝐷𝑇

𝐿
                                                                                                                                                                                 [8] 

Advantages: fine power control, active parallel integration, and compatibility with 

droop/integral-droop. Here, PSIM is used to represent the half-bridge and explore 

scenarios. 

2.2. Bidirectional Converter Design, Scheme, and Operating Modes 

(Buck/Boost) 

Figure 7 shows the bidirectional Half-bridge converter with two active switches and 

intrinsic diodes; complementary PWM with dead-time (dead-time between 

semiconductors activation. 

Inductor L between the midpoint node and the storage device (Valm); DC bus on the 

upper side. 

Buck (charging): 

𝑉𝑆𝑡𝑜 ≈ 𝐷𝑉𝑏𝑢𝑠;   ∆𝑖𝐿 = [(𝑉𝑏𝑢𝑠 − 𝑉𝑆𝑡𝑜𝑟)𝐷]/(𝐿𝑓𝑠)                                                                                                                  [9] 
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Boost (discharging): 

𝑉𝑆𝑡𝑜 ≈ 𝐷𝑉𝑏𝑢𝑠/(1 − 𝐷);  ∆𝑖𝐿 = (𝑉𝑆𝑡𝑜𝐷)/(𝐿𝑓𝑠)                                                                                                            [10] 

Strategy in PSIM: duty D for objective to V/I; iL measurement to limit ripple and 

avoid saturation; initial conditions (IC) in battery/SC. 

 

Figure 7. Electrical scheme of DC-DC converter model simulation in PSIM.  

2.2.1. Parameters and Sizing (L, C, Semiconductors) 

Ripple objective: For P ≈ 3 kW and Vbus ≈ 60 V → Iavg ≈ 50 A; set ΔiL ≤ 10 A (20%). 

Inductance L (worst cases): 

- Buck (battery, VSto= 33 V, D ≈ 0.55): L ≈ 74 µH  

- Boost (battery, VSto= 33 V, D ≈ 0.55): L ≈ 74 µH 

- Buck (SC, VSto = 48.6 V, D ≈ 0.81): L ≈ 46 µH 

Selection: L=80 µH, gapped core (airgap), Isat≥70 A; Ipk ≈ 55 A 

Capacitors: bus ΔV≤0.5% → Cbus≈1.0 mF (film + electrolytic + ceramics). Storage 

side: 100–220 µF + ceramics. 

Semiconductors: 100 V MOSFET low-RDS(on); losses Pcond ≈ Irms²·RDS (on); 

Psw≈0.5·V·I·(tr+tf)·fs. 

Driver: 100 V bootstrap; Rg for dI/dt; dead‑time 100–200 ns; snubbers if 

overshooting occur. 

Measurement and protection: sensor in L, NTC/PTC, OVP/UVP, limiting per cycle. 

PSIM Notes: time step 1–5 µs (fs = 20 kHz); record iL, Valm, Vbus, and duty. 
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2.3. Simulation Methodology, Environment, and Assumptions (PSIM) 

Tool: PSIM (demo). Ideal models with realistic parameters and minimal parasitic 

signals. 

Topology: half-bridge between DC bus and active storage device; AC inverter 

represented as an equivalent load on the bus (R–C). fs = 20 kHz; time step 1–5 µs 

(nominal 2 µs); complementary PWM with dead-time (100–200 ns). 

IC: Vbus,0 = 60 V; Vbat, 0∈ [36,38] V; VSC,0 = 48.6 V. Signals: iL, Vbus, Vbat, VSC, 

duty D, Pbus, Pbat, PSC. 

Criteria: ΔVbus/Vbus ≤ 0.5 %; ΔiL ≤ 20 %·Iavg; Ipk < Isat; sufficient SC energy.  

Best practices: to record only key signals, use ICs per scenario, and verify steady 

states in advance to steps. 

2.3.1. Analyzed Operating Scenarios 

Seven quasi-stationary scenarios (100–300 ms; measuring after 3–5 τL): 

- E1 Battery charging (buck) 

- E2 Battery discharging (boost) 

- E3 SC charging (buck) 

- E4 SC discharging (boost) 

- E5 PV→Bus smoothing with SC support 

- E6 Peak with mixed support (SC+bat) 

- E7 SC recharging from battery (buck) 

Variables: Vbus, Vbat, VSC, IL, D, Pbus, Pbat, PSC; ripple metrics, energies (∫p·dt), and Ibat 

peaks. 

3. Results and Analysis 

3.1. Battery, Supercapacitor, and Load Voltages per Scenario 

In all cases, the analyzed elements are: (I) relative bus ripple, (II) inductor ripple, 

(III) continuity of IL, and (IV) instantaneous powers. E1: Vbus ≈ 60 V, continuous IL, 

D ≈ 0.55–0.67. E2: D ≈ 0.45, Pbat positive towards bus. E3: VSC→48.6 V; low ΔVbus 
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due to Cbus. E4: SC handles pulse; Vbus within 0.5%; VSC decreases according to 

energy delivered. E5: SC provides fast component; Δibat decreases. E6: SC handles 

the front and the battery takes over; PSC → 0 at the end. E7: SC recharging from 

battery with current limit and minimal impact on the bus.  

Table 1 shows each stage characteristics and the most significant results for each 

one. Figure 8 illustrates the trends of the battery, load, and supercapacitor voltages 

behavior. 

Table 1. Summary of results per operating scenario  

Scenario Dominant Flow ΔVbus ΔiL Key Result 

E1 Bus → Battery (buck) ≤0.5% ≤20% Stable charging, SOC↑ 

E2 Battery → Bus (boost) ≤0.5% ≤20% Load support, regulated bus 

E3 Bus → SC (buck) ≤0.5% ≤20% VSC to nominal, stored energy  

E4 SC → Bus (boost) ≤0.5% ≤20% Pulse handled by SC, VSC↓ 

E5 PV/Bus with SC ≤0.5% ≤20% Ibat smoothing 

E6 SC + Battery ≤0.5% ≤20% Coordinated delivery, smooth transfer 

E7 Batería → SC (buck) ≤0.5% ≤20% SC recharge with minimal impact 

 

 

Figure 8. Battery, load, and supercapacitor voltages behavior per scenario.  

3.2. Discussion and Limitations 

The results confirm that the Supercapacitor rapidly absorbs/delivers the current 

component, while the battery sustains the average energy: bus ripples ≤0.5%, iL 

continuity, and Ibat peaks reduction. Selecting L = 80 µH and Cbus ≈ 1 mF is adequate 

for 3 kW@60 V and fs = 20 kHz. 
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Limitations: quasi-stationary study without full control; simplified thermal and 

switching losses; demo PSIM restrictions. 

Forthcoming work: current/power control with limits and anti-windup; SoC-

dependent distribution; thermal models; HIL validation. 

3.3. Technical-economic assessment of the prototype 

Scope: Cost estimate for a functional bidirectional converter prototype (3 kW @ 60 

V, fs = 20 kHz). Indicative market values in euros (± 20–30%). 

Table 2. Bill of materials for the converter construction  

Ítem Specification Qty. Cost (€) Subtotal (€) 

100 V low‑RDS (on) 

MOSFET 

Parallel 2× per branch (4 pcs) 4 6–8 24–32 

High/low‑side driver Bootstrap 100 V, UVLO 1 10–20 10–20 

Inductor L 80 µH, Isat ≥70 A (gapped core + 
Litz) 

1 50–90 50–90 

Bus Capacitors Film + electrolytic + ceramics (≈1 

mF @ 63–80 V) 

1 set 20–40 20–40 

Current Sensor 100 A Hall or Kelvin shunt  1 15–35 15–35 

Power PCB  FR‑4, 4 layers, 2 oz Cu (≈100×100 

mm) 

1 40–80 40–80 

Dissipation Heatsink+ fan 1 25–45 25–45 

Snubbers/RC/NTC/ Passives and power connectors 1 set 20–35 20–35 

Case Metal/plastic case 1 20–40 20–40 

Converter's total cost: ~250–400 € (≈83–133 €/kW) 

4. Conclusions 

The study confirms the suitability of a bidirectional half-bridge converter for 

integrating a battery–supercapacitor HESS into a PV microgrid, validating its 

performance in seven quasi-stationary scenarios and providing practical sizing and 

prototyping criteria. 

Control and bidirectionality. Stable operation in buck/boost with iL continuity and 

reliable power flow management in both directions was verified. 

Dynamic decoupling. The supercapacitor absorbed/delivered the fast component, 

reducing Ibat peaks and maintaining Vbus within the target ripple. 

Sizing and feasibility. The ensemble L ≈ 80 µH, Cbus ≈ 1 mF, and 100 V MOSFETs at 

fs = 20 kHz met the expected ripples and shows prototype feasibility (competitive 

specific cost for laboratory). 
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